mmonia emission from agriculture is a major source of atmospheric NH 3 (Aneja et al., 2008; Bouwman et al., 1997; Hutchings et al., 2001) , which adversely affects terrestrial and aquatic ecosystems (Fangmeier et al., 1994; Grennfelt and Hultberg, 1986; Krupa, 2003; Matson et al., 2002; Sharma et al., 2007) . Total ammonia emission from agriculture in the U.S. was more than 2.8 million metric tons in 2014, according to the U.S. Environmental Protection Agency, constituting 81.5% of the total national emission that year (USEPA, 2014) . For comparison, about 70,000 metric tons of NH 3 was emitted from Danish agriculture in 2014, corresponding to 95.2% of the total NH 3 emission (Danmarks Statistik, 2014) .
In order to comply with international regulations, such as the United Nations Convention on Long-Range Transboundary Air Pollution (CLRTAP) (UNECE, 1979) or the National Emission Ceilings Directive (NEC Directive) in the European Union, there is a need to develop technologies to reduce NH 3 emission from agriculture, as well as valid and inexpensive methods to assess the efficacy of these technol-2 TRANSACTIONS OF THE ASABE ogies. Common measurement methods include integrated horizontal flux (IHF) (Leuning et al., 1985; Misselbrook et al., 2005; Ryden and McNeill, 1984) , backward Lagrangian stochastic (bLS) dispersion (Carozzi et al., 2012; Flesch et al., 2004; McBain and Desjardins, 2005; Sommer et al., 2005) , and dynamic chamber methods (including wind tunnels) (Chantigny et al., 2009; Lockyer, 1984; Ni et al., 2014; Pacholski et al., 2006; Roelcke et al., 2002) . IHF is widely accepted as a robust reference method for measuring ammonia volatilization owing to its measurement of the complete vertical ammonia concentration profile and avoidance of assumptions related to similarity theory used to describe the conditions of atmospheric diffusion (Laubach, 2010; Laubach and Kelliher, 2004; Sintermann et al., 2012) . As a result, the IHF technique has frequently been used to evaluate new measurement methods and experimental setups (Häni et al., 2016; Misselbrook et al., 2005; Pacholski et al., 2006; Sommer et al., 2005) . The IHF method is also considered a standard method by VERA (Verification of Environmental Technologies for Agricultural Production, a collaboration between the agricultural and environmental authorities of Denmark, Germany, and The Netherlands) in its test protocol for the measurement of gaseous emissions from land-applied manure (VERA, 2009) .
When using the IHF method, the source area is ideally circular, with a radius of 20 to 24 m (VERA, 2009), and as a rule of thumb the plot-level replicates are separated by 50 to 100 m to avoid emission interference between replicates. This requires large fields with homogenous surface characteristics and no protruding landscape elements, which make it difficult to include replication. Reducing the plot size could be a solution, providing it does not lead to systematically higher fluxes due to a reduction in the fetch from where NH 3 is released to the wind parcels passing over the plot (Häni et al., 2016; Watt et al., 2016) , as has been postulated in earlier theoretical and statistical studies (Sintermann et al., 2012; Sommer et al., 2003) .
The objectives of this research were to (1) test two conventional in situ small-plot measurement techniques and a third proposed inexpensive small-plot alternative in which ALPHA samplers and three-cup anemometers are installed at the ZINST height with subsequent calculation of ammonia emission fluxes using a bLS dispersion model (hereinafter termed the AbLS method), (2) test the feasibility of decreasing plot source area when using the AbLS method to <315 m 2 , and (3) quantify the fixed and variable costs, including labor intensity, related to the different flux measurement methodologies in their entirety. Ammonia emission fluxes measured using the three different small-plot methods were compared to fluxes measured using two micrometeorological reference methods (the IHF method and the ZINST method), both operated using passive flux Leuning samplers. The conventional small-plot methods were wind tunnels measuring gas-phase ammonia using ALPHA passive diffusion samplers (abbreviated WT) and a flux chamber method using Dräger tubes for measurements of ammonia concentration (abbreviated DTM). Recommendations to further assess the feasibility and validity of the AbLS method are given, based on the two experimental trials and the cost study.
MATERIALS AND METHODS

LOCATION OF EXPERIMENTS
Field trials were carried out in November 2015 on a field at Aarhus University's experimental research station in Aarslev, Denmark (55° 18 44.9 N, 10° 26 18.6 E). The soil is classified as a sandy loam (Typic Agrudalf), with 70% sand, 15% silt, 13% clay, and a pH of 6.3 (Kristensen and Thorup-Kristensen, 2007) . Aarslev is situated in a cool temperate climate, with an average annual temperature of 8.1°C, annual total precipitation of 639 mm, and 1448 h of annual insolation (1961 -1990 DMI, 2017) . There were no protruding landscape elements south, west, or north of the field, and to the east was a 3 m high hedgerow. Prior the experiments, spring barley (Hordeum vulgare L.) had been grown in the field for the past two years. In April 2015, the field was fertilized with 500 kg of 21-3-10 NPK inorganic fertilizer, followed by seeding. The barley was harvested on 10 August 2015. Before initiation of the experiments, the barley stubble was mowed down to the soil (about 5 cm).
AMMONIA FLUX QUANTIFICATION METHODS
Integrated Horizontal Flux and ZINST
The IHF method (Denmead, 1983) and ZINST method (Wilson et al., 1982) are micrometeorological mass-balance approaches for measuring emission fluxes from a pre-specified source area. In the standard IHF technique, NH 3 emission fluxes from a circular plot, F IHF (g m -2 s -1 ), are calculated by the difference in the horizontal fluxes (F net (z), g m -2 s -1 ) of gas across the downwind and upwind boundaries measured at different heights (Denmead, 1983; VERA, 2009 ) (eq. 1). It has been shown that the relationship between the logarithm of height and F net (z) is linear (eq. 2) and that the vertical flux of ammonia can be calculated with equations 1 to 3 (Ryden and McNeill, 1984) :
where X (m) is the distance traveled by the wind across the plot, and dw and uw denote the horizontal flux downwind and upwind of the plot (eq. 1). The integration limit (z p ) is the height at which F net is at background level. The ZINST technique assesses the emission flux (F ZINST ) from measurements of F net in the wind passing the experimental plot at a single height (H ZINST , m) (Wilson et al., 1982) :
where K ZINST is the unit flux u × χ/F ratio, which is given by Wilson et al. (1982) . The height of measurement (H ZINST ) depends on the fetch distance and surface characteristics of a circular plot. Wilson et al. (1982) provided H ZINST for circular plots of 20 m and 50 m radius, given the surface roughness length z 0 (cm). Leuning passive flux samplers (Leuning et al., 1985) 61 (1):
3 were used to measure the wind-weighted average horizontal flux of NH 3 ( hor F , g m -2 s -1 ) for both micrometeorological mass-balance methods, IHF and ZINST (Sherlock et al., 1989) . The horizontal flux was derived using:
where M is the mass of NH 3 -N collected (g) by the oxalic acid coating in the interior of the passive flux sampler during the sampling period t (s), and A is the effective cross-sectional area of the sampler (m 2 ). Coating of the flux samplers was done with oxalic acid dissolved in acetone, according to the procedure outlined by Leuning et al. (1985) . After exposure, the coating was dissolved in 40 mL of deionized water, and the NH 4 + -N content was determined by the indophenol blue colorimetric method using a microplate reader (Varioskan LUX, ThermoFisher Scientific, Waltham, Mass.).
Dräger Tube Active Flux Chamber Method
The DTM method combines wind speed and dynamic chamber measurements of NH 3 concentration using four chambers, each covering an area of 103.8 cm 2 , typically with an air exchange rate of 0.9 to 1.0 vol. min -1 (Pacholski et al., 2006; Roelcke et al., 2002) . Due to lower air exchange rates in the chambers, measured emission fluxes using the flux chamber method were underestimated compared to fluxes measured using IHF as the reference method (Roelcke et al., 2002) . Pacholski et al. (2006) developed a set of calibration equations to correct for the discrepancies in air exchange rates between chamber and ambient conditions by relating DTM measurements to IHF measurements, given ambient wind speeds and temperature, using a log-log model. The NH 3 concentration is measured to give the emission from the soil covered by the chamber (Roelcke et al., 2002) , and the corrected DTM-measured flux is calculated using the following equation (Pacholski et al., 2006) :
where F ch is the NH 3 flux measured with the chamber (kg N ha -1 h -1 ), ν 2m is the wind speed measured at 2.0 m height (m s -1 ), and F DTM is the calculated NH 3 flux from the plot (kg N ha -1 h -1 ). The NH 3 concentration in the chambers was measured according to the procedure outlined by Pacholski et al. (2006) (see also Pacholski, 2016) using Dräger ammonia detection tubes (Drägerwerk, Lübeck, Germany). The Dräger tubes used were Ammonia 0.25/a and Ammonia 2.0/a, measuring in the range from 0.25 to 3 ppm and from 2 to 30 ppm, respectively. During measurements, the chambers were connected by Teflon tubing to an automatic tube pump (X-act 5000, Drägerwerk, Lübeck, Germany) operated at 1 L min -1 .
Wind Tunnels
The portable wind tunnels consisted of a metal canopy (1.67 m long, 0.48 m wide, and 0.5 m high) covering the treated source area (referred to as the canopy section), a quadratic inlet funnel at the front of the canopy, and a 0.32 m diameter duct coupled to the outlet of the canopy. At the end of the outlet duct, a centrifugal fan was used to control the wind speed in the tunnel. The tunnel exhaust was discharged from the centrifugal fan. The total length of the wind tunnel was 5.95 m ( fig. 1 ). Wind speed at the tunnel inlet was set to 1 m s -1 and measured using a hot-wire anemometer (Lutron AM-4204, RS Components, Copenhagen, Denmark).
Gaseous NH 3 concentration was measured using an AL-PHA passive diffusion sampler before the inlet to the wind tunnel (background) and at the duct leading out of the canopy section. The procedures for handling the ALPHA samplers were the same as for the bLS method. The emission flux is dependent on the air velocity over the source area (u s , m s -1 ), and this can be related to the wind speed measured at the air inlet to the tunnel by considering the cross-sectional area of the inlet (A i , m 2 ), the measured wind speed at the tunnel inlet (ν i , m s -1 ), and the source surface area covered by the tunnel canopy (A B , m 2 ). Subsequently, the NH 3 flux (F WT , kg N ha -1 h -1 ) can be calculated with equation 7:
where C NH3,out and C NH3,in are the time-averaged gas-phase concentrations of NH 3 (kg m -3 ) in the outlet air and inlet air, respectively.
Backward Lagrangian Stochastic Dispersion Model
The bLS dispersion technique (eq. 8) calculates the emission flux from the plot given the wind speed (ū, m s -1 ), the NH 3 concentration measured at a single height (Flesch et al., 1995) , the roughness length (z 0 , m), and the Monin-Obukhov length (L, m). The volatilization flux based on bLS simulation is given by:
where  is the mean species concentration at the point of measurement (g m -3 ), ratio (C/F) sim is the simulated ratio of species concentration at the point of measurement to the emission flux (F, g m -2 s -1 ), and F bLS is the calculated emission flux from the source area (Flesch et al., 2004) . The calculated concentration-flux ratio, (C/F) sim , is determined by the intersection of species trajectories with the surface ("touchdowns"), which was calculated with the atmospheric dispersion modeling software WindTrax (Thunder Beach Scientific, Halifax, Nova Scotia, Canada). The observed atmospheric NH 3 concentration ( obs  , g N m -3 ) was measured using CEH ALPHA passive diffusion samplers (Tang et al., 2001) and calculated according to equation 9. ALPHA passive diffusion samplers work on the principle of gaseous diffusion of the species (NH 3 ) through a polytetrafluoroethylene (PTFE) membrane, with subsequent absorption to a filter paper coated with citric acid. The samplers were developed for long-term exposure to atmospheric NH 3 and can give reliable NH 3 gas-phase concentration measurements from <1 g NH 3 m -3 (Leith et al., 2005; Tang et al., 2001) to >4 mg NH 3 m -3 (Carozzi, 2011) . After exposure, absorbed NH 3 was leached using 3 mL of deionized water and quantified using the indophenol blue method, as described previously. The obs  value (g N m -3 ) was related to the absorbed mass of NH 3 (M, g N), by Fick's law of diffusion (Tang and Poskitt, 2015) , resulting in the expression:
where V (m 3 ) is the effective volume of sampled air V(t) = 0.0032t (Tang and Poskitt, 2015) , given time t (s). Polyethylene ALPHA samplers, PTFE membranes (27 mm radius, 5 m pore size, 305 m thickness), and filter paper (24 mm radius Grade 604) were purchased from the Centre for Ecology and Hydrology (Swindon, U.K.). In this study, battery-driven three-cup anemometers and
Wind101A data loggers (MadgeTech, Inc., Warner, N.H.) were installed together with the ALPHA samplers at the center of the source areas and at the ZINST height (H ZINST ) for the given plot. Recordings of wind speed were made as 5 min averages. For a standard 20 m radius plot and for all non-standard plot sizes, H ZINST was predicted from simulations in WindTrax (Thunder Beach Scientific, Halifax, Canada) using roughness length z 0 = 0.02 m and discrete Monin-Obukhov lengths (L = 5 m, -5 m, ∞). This combination of ALPHA samplers and on-plot anemometers, using the bLS inverse dispersion model to calculate source area emission fluxes for small plots (<315 m 2 ), is hereafter referred to as the AbLS method (read "Ables"). The AbLS method is suggested here as an alternative inexpensive method for quantifying ammonia emission fluxes compared to the conventional IHF, ZINST, and wind tunnel methods.
EXPERIMENTAL TRIALS AND SETUP
Two experimental trials were conducted in this study: trial 1 (12 to 17 Nov. 2015) and trial 2 (26 to 30 Nov. 2015). During both trials, three experimental plots were established, and a mast was raised to measure the background concentration of ammonia. The three plots were circular and of the following sizes: 20 m radius (plot R20), 10 m radius (plot R10), and 5 m radius (plot R5). All plots were placed 10 to 30 m west of the hedgerow on the eastern border of the field and on a north-to-south transect to minimize interferences for NH 3 measurements ( fig. 2 ). The predominant wind direc- 
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5 tion in Denmark is from southwest and west.
In trial 1, IHF was used as the micrometeorological reference method against which all other flux measurement methods were evaluated (table 1) . A mast for IHF and ZINST was raised at the center of plot R20, and the horizontal flux was measured in duplicates at 0.6, 1.0, 1.4, 1.8, and 2.3 m heights using Leuning passive flux samplers. The duplicate measurements at 1.0 m height were used for ZINST calculations (H ZINST ≈ 1.0 m from simulations in WindTrax, given z 0 = 0.02 cm). A background mast was raised 15 m from the western border of the field, upwind from the experimental plots. Because the background NH 3 concentration is low and can be considered independent of height (VERA, 2009), Leuning samplers were placed in duplicate at 1.0 m height. For the AbLS method, the NH 3 concentration was measured with ALPHA samplers mounted at the center of the circular plots R20, R10, and R5 at H ZINST . The H ZINST value was predicted to be 0.66 m for R5, 0.86 m for R10, and 1.00 m for R20 using WindTrax, given z 0 = 0.02 m. A three-cup anemometer and Wind101A data logger (MadgeTech, Inc., Warner, N.H.) were installed on each of plots R20, R10, and R5 at the same corresponding heights, near the ALPHA samplers at the center of the plot. Background ALPHA samplers were placed in duplicate at the same background mast as for IHF and ZINST, at a height of 1.00 m. Measurements of ammonia concentration using Dräger tubes in the DTM flux chamber method were carried out in duplicate (at two different locations) on plot R20, at the end of each measurement interval (the same as sampler exposure times). The duplicate measurements were preceded and concluded by measuring the background ammonia concentration at a designated area located outside the source area but with soil surface characteristics representative of those on plot R20. This method required wind speed data at 2.0 m height. Therefore, a threecup anemometer and Wind101A data logger (MadgeTech, Inc., Warner, N.H.) were installed at 2.0 m height at the same background mast as for the IHF, ZINST, and AbLS methods ( fig. 2 ). Flux measurement intervals in trial 1 ranged from 3 to 23 h. To facilitate data interpretation and evaluation, the sampling strategy was the same for all measurement methods, entailing equal measurement intervals. Generally, samplers were exchanged (or ammonia concentration measured in DTM flux chambers) in the morning around sunrise, at noon/early noon, and in the evening around sunset. In periods when low emission was expected, such as during rainfall, sampling intervals were prolonged.
In trial 2, the ZINST method was used as the micrometeorological reference method with the same setup as for trial 1 (table 1). The DTM flux chamber method and AbLS methods were likewise operated on the same plots and with the same setup as for trial 1. Additionally, four wind tunnels were placed windward from plot R10 near the western border of the field. Interfering emission of ammonia from the wind tunnel plots was thought to have negligible effect on measurements at plot R10 due to the low height at which the gas-phase concentration of ammonia was measured and the distance between the plots (fig. 2) . Wind speeds at all wind tunnel inlets were set to be 1 m s -1 , corresponding to an air exchange rate of about 0.02 volumes min -1 . This was close to the maximum air exchange rate that could be delivered by the centrifugal fans. Flux measurement intervals in trial 2 ranged from 3 to 19 h. As in trial 1, the sampling strategy was the same for all measurement methods, resulting in equal measurement intervals.
Additional meteorological data, including precipitation (measured at 1.5 m height), temperature (measured at 2.0 m height), and wind speed (measured at 10.0 m height), were obtained for both trials from a nearby (<350 m) climate station, recorded as hourly averages by the national Danish Meteorological Institute (DMI). In both trials, granulated urea 46-0-0 NPK (46% N) obtained from DLG (Copenhagen, Denmark) was applied to plots R20, R10, and R5. The urea was applied using handheld spreaders to match an application rate of 200 kg N ha -1 by dividing each of the plots into smaller sectors, allowing precise circular plot fertilization.
CALCULATIONS AND DATA ANALYSIS
ZINST heights (H ZINST ) and normalized horizontal flux constants were estimated with WindTrax (ver. 2.0.8.8, Thunder Beach Scientific, Halifax, Nova Scotia, Canada). Missing data from wind speed measurements using MadgeTech threecup anemometers were interpolated using fault-free datasets at two distinct heights and the logarithmic velocity profile, as described by Guyot (1998) . Temporal misalignment between anemometers was realigned using first-order interpolation, where necessary, for use with the logarithmic velocity profile. For all ammonia sampling methods except the ALPHA samplers used in the WT method, the measurements using doublereplicated samplers were averaged and used to calculate a single emission flux. The installation of four wind tunnels and associated ALPHA samplers allowed plot-level replication of the emission flux for the WT method. Overall agreement between the different ammonia flux measurement methods was assessed using cumulative emission (kg N ha -1 ) over the entire trial by successively adding emissions from measurement intervals (same period as exposure of the respective samplers). In this feasibility study of applying AbLS on small-scale plots, cumulative emission enabled semi-quantitative evaluation of total emission, independent of the effects that weather conditions and varying duration of sampler exposure could have on single measurements, as could be the case when directly comparing timeaveraged emission fluxes.
Because the sampling strategy and measurement intervals were equivalent for all methods, the time-averaged emission fluxes measured in a given measurement interval can be directly compared between methods. To assess the feasibility of AbLS on small-scale plots, each time-averaged emission flux was compared to a micrometeorological reference method, i.e., IHF using Leuning samplers in trial 1, and ZINST using Leuning samplers in trial 2. Considering the AbLS-measured vertical emission flux as a predictor of the flux measured by the micrometeorological reference method, linear regression parameters were calculated in Mathematica 10 (ver. 10.2.0.0, Wolfram Research, Champaign, Ill.) by least squares linear regression (Johnson et al., 2011) . Coefficients of determination (R 2 ) were used to semiquantitatively assess the linear association between the predictor and response variables, while confidence limits for the regression parameters were used to indicate whether it is reasonable to believe that the true slope and intercept of the regression line indicate a 1:1 relationship between the different flux measurement methods (Johnson et al., 2011) . A 95% confidence interval is used in all calculations (significance level of  = 0.05).
LABOR AND COST STUDY
Labor intensity in man-hours was tracked for different ammonia sampling methods. These sampling methods can be applied in a number of flux measurement methods, such as IHF, ZINST and flux chambers. The sampling methods that were time-tracked in this study were Leuning passive flux samplers, ALPHA passive diffusion samplers, Dräger tube ammonia concentration measurements, and acid traps using gas washing bottles. Each sampling method was associated with a set of tasks that were either unique to the measurement method or shared between multiple methods (table 2) .
The total time spent on a given task and sampling method, including the number repetitions and number of people working on the task, was noted at every occurrence. For each occurrence of a task, total man-hours were calculated by multiplying the total time spent on the given task at that occurrence by the number of people working on the task. Average time consumption for the task occurrence was subsequently calculated by dividing the total man-hours spent on the task by the number of samplers (repetitions) involved. Descriptions of the tasks are presented in table 2.
RESULTS AND DISCUSSION
METEOROLOGICAL CONDITIONS AND CUMULATIVE EMISSIONS
In trial 1, the wind speed at 10 m height was about 7 m s -1 on day 1 and declined to 3 m s -1 during the first night after Filling gas washing bottle with fresh acidic solution from labeled bottle, or pouring exposed acid solution into labeled bottle for storage prior analysis. Exchange sampler Pouring exposed acid into labeled bottle for storage prior analysis, cleaning gas washing bottle twice with deionized water, and refilling gas washing bottle with fresh acidic solution from labeled bottle.
Sample analysis
Neutralizing sample, analysis of the ammonium content in a sample using the indophenol blue method in 96-well plates and plate-reader.
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7 initiation of the experiment (fig. 3 ). This pattern was repeated on the following days with the exception of November 14, when wind speeds were high during night. Air temperature varied between 3.3°C and 12.6°C. It rained during all days of the experiment from 0.2 to 3 mm h -1 . In trial 2, the wind was stronger. Hourly average wind speed increased from about 3 m s -1 on day 1 to 15 m s -1 on day 4 and then decreased to 4 m s -1 . The hourly average temperature varied from 0.8°C to 8.9°C. After day 1, it rained every day, between 0.2 and 2.5 mm h -1 . During the first day of trial 2, the soil surface was covered with frost. This weather is typical for Denmark in November (autumn). The focus of this study was to assess the feasibility of applying AbLS on small plot-sizes as an inexpensive (in terms of equipment and labor costs) alternative method to typical micrometeorological methods (IHF, ZINST) and small-plot chamber methods (DTM, WT). Consequently, space on the field was allocated to plots of decreasing size, rather than plot-level replication.
Because plot-level replication was not possible within the confined limits of the field, cumulative emission was used only semi-quantitatively to assess the overall agreement between the different measurement methods. Cumulative emissions were calculated over the entire duration of the trial, i.e., 116.5 h in trial 1 and 95.3 h in trial 2. Generally, the DTM flux chamber method gave rise to lower cumulative emissions than the micrometeorological reference methods (table 3) in both trials. This may in part be due to the weather conditions in the field at the time, first because wind speeds were often higher than 4 m s -1 (during both trial 1 and trial 2), above which the DTM flux calibration equation (eq. 6) is not valid (Pacholski et al., 2006) , and second because the accuracy of the Dräger X-act 5000 automatic tube pump decreased at temperatures <5°C. A similar discrepancy was observed for the wind tunnels under the conditions of trial 2, where the cumulative emission was about 1/5 of Figure 3. Air temperature, wind speed, and rainfall measured at 2.0 m, 10.0 m, and 1.5 m heights, respectively, during trial 1 (top) and trial 2  (bottom) . Arrows indicate application of urea to the plots. the cumulative emission measured by the micrometeorological reference (ZINST). The ammonia volatilization flux is strongly dependent on the airflow rates inside active chambers (Janzen and McGinn, 1991) , and it has previously been shown that active flux chamber emission measurements are lower than the actual emission if the wind speed over the emitting surface is lower than the ambient wind speed at the height of the canopy covering the plot (Sommer and Misselbrook, 2016) . This is in agreement with observations by Ryden and Lockyer (1985) , who compared flux measurements in wind tunnels to those measured with the micrometeorological massbalance approach and found that the emissions measured in the wind tunnels were generally lower unless the ambient air speed was matched. A similar study by Smith et al. (2007) in Canada noted that good agreement between flux measurements in wind tunnels and the micrometeorological reference method was most likely due to the similarity of tunnel wind speed and ambient wind speed. Another less frequently described cause of flux underestimation in wind tunnels was described by Loubet et al. (1999) , who found that non-uniform concentration profiles at the point of measurement in the duct of a wind tunnel was responsible for 11% underestimation of the measured flux. Pacholski et al. (2006) reported similar findings for their DTM flux chamber method using Dräger tubes to measure ammonia concentration, where the total cumulative ammonia emission using uncalibrated volatilization fluxes was lower, by about a factor of 10, than the total cumulative emission measured by IHF using Leuning samplers. In earlier studies, this was attributed to the low air exchange rate of about 1 volume min -1 (Roelcke et al., 2002) . Measurements of ammonia concentration in dynamic flux chambers can also potentially lead to underestimation of NH 3 emission flux, as the chamber walls and tubing can act as sinks of the sticky NH 3 molecules (Sintermann et al., 2012) .
In trial 1, the cumulated emissions from plots R20, R10, and R5 measured using AbLS were similar to those measured with the micrometeorological mass-balance reference methods (IHF and ZINST). Because there was no space for plot-level replicates within the boundaries of the field, it was not statistically possible to assess the uncertainty of the flux measurement methods. However, the total cumulative emissions measured using AbLS on plots R20, R10, and R5 (corresponding areas ranging from 1257 m 2 to 79 m 2 ) were near the range of the total cumulative emissions measured with the two reference methods, IHF (20.4 kg N ha -1 ) and ZINST (16.5 kg N ha -1 ), indicating that the cumulative emission measured by AbLS agreed well with the cumulative emissions detected by the reference methods (table 3) . In trial 2, the cumulative emissions measured using AbLS on plots R20, R10, and R5 were substantially lower than the results from the reference method. On plot R20 alone, the cumulative emission measured using AbLS was almost half of that measured using ZINST and Leuning samplers. The cumulative emission measured on plot R5 corresponded to the emission measured in the wind tunnels, suggesting that the cumulative emission was underestimated by AbLS. It is possible that the low total cumulative emission measured with AbLS is a limitation of the ALPHA samplers under the weather conditions of trial 2. Air temperatures were generally lower in trial 2 (maximum and minimum air temperatures were 8.9°C and 0.8°C, respectively, in trial 2, compared to 12.6°C and 3.3°C, respectively, in trial 1), and wind speeds reached a maximum of 15.1 m s -1 averaged over 1 h. The combination of strong crosswinds and rainfall during trial 2 caused a number of ALPHA samplers to have water droplets partially covering the polypropylene backing of the PTFE membranes, adding a second layer of mass transport resistance and likely causing underestimation of the ammonia concentration in the air.
FEASIBILITY OF ABLS APPLICATION TO SMALL-SCALE PLOTS
Measured emission fluxes using the AbLS method and the micrometeorological reference method were directly compared by assessing their linear association for all plot sizes (R20, R10, and R5) in both trials ( fig. 4) . In trial 1, the full-profile IHF was considered the main micrometeorological reference method against which measured AbLS and ZINST fluxes were compared. In trial 2, the ZINST method was used as the main micrometeorological reference method. Regression parameters obtained for the linear regression of IHF to ZINST on plot R20 suggested good agreement between the two flux measurement methods (slope = 1.068 (SE = 0.193), intercept = -0.036 (SE = 0.063)), with an overall good linear association (R 2 = 0.859; table 4, fig. 4a ). Based on this, and earlier evaluation of the ZINST method (Sommer et al., 1995; Wilson et al., 1983) , the ZINST method was used as the micrometeorological reference method in trial 2.
In trial 1, there was generally a good consistency between fluxes measured by AbLS on plots R20, R10, and R5 compared to IHF ( fig. 4b ). AbLS on plot R20 showed a strong linear association to the measured IHF fluxes (R 2 = 0.901), also indicated by the close cumulative emissions over the entire trial (table 3) . The linear associations were weaker for the AbLS method on plots R10 and R5; however, the respective regression parameters and their standard errors encompassed the ideal 1:1 relationship in both cases. Confidence intervals of the regression parameters that pertained to the three AbLS plots were generally wide. Interestingly, although within the standard error of the regression parameter, there was a tendency for the slope of the regression line to decrease when comparing R20 to R5, indicating an underestimation of the emission flux in relation to the micrometeorological reference method (IHF). This is somewhat supported by the monotonic decrease in cumulative emission measured from plots R20 to R5 (table 3) . It would hence seem that decreasing plot size did not lead to systematic overestimation of the ammonia volatilization flux, as suggested in earlier studies (Sintermann et al., 2012; Sommer et al., 2003) . Häni et al. (2016) made a similar observation using an automated ammonia impinger sampler to measure ammonia concentrations in the air and using the bLS model to estimate emission from small plots.
In trial 2, there was no consistent relationship between fluxes measured using ZINST and AbLS on plots R20, R10, and R5 ( fig. 4c, table 4) . As discussed earlier, trial 2 was characterized by periods of strong crosswinds and rainfall, causing water droplets to stick to the polypropylene backing (exposed to ambient) of the PTFE membranes. This mainly occurred during the last two days of the trial. Hence, a new regression was performed containing only data from the first 48 h of trial 2 ( fig. 4d, table 4 ). Despite this, emission fluxes in trial 2 were generally not supportive of a 1:1 relationship between fluxes measured with the micrometeorological reference method (ZINST) and AbLS. However, it is noteworthy that for AbLS on plots R20, R10, and R5, the slope of the linear regression was consistently below 1, indicating underestimation of the emission flux compared to ZINST, which is also supported by the cumulative emissions (table 3) . To this end, it is conspicuous that strong linear associations were obtained for plots R10 and R5, suggesting a consistent underestimation of the emission flux using AbLS in trial 2. Another possible explanation of the large discrepancies in the measured fluxes in trial 2 is that the sampling resolution was increased during trial 2, and subsequently the signal-to-noise ratio of the ALPHA samplers became too low in periods of low emission. Indeed, the discrepancies between the micrometeorological reference methods and AbLS in terms of emission flux (and even among AbLS measurements) were more pronounced at short sampler exposure durations in both trial 1 and trial 2 ( fig. 5 ). Based on our observations related to the methodological feasibility of AbLS, we recommend that ALPHA samplers are exposed for at least 5 h before exchanging the samplers, and that measurement-level replicates are conducted at least as triplicates. Measurement-level triplicates will also contribute to a more precise measurement of gaseous ammonia concentrations.
LABOR INTENSITY AND COSTS
In the development of the ZINST method, Wilson et al. (1982) noted that an advantage of reducing sampling to a single height was that costs associated with hardware and labor would decrease. Smith et al. (2007) also qualitatively as-sessed that start-up costs and labor were important to consider when applying dynamic wind tunnel systems to measure emissions. However, in reality, the fixed and variable costs associated with experimental emission trials depend on the flux measurement method, the specific sampling method, and the scale of the trial. For instance, wind tunnels could be used with ALPHA passive diffusion samplers or with gas washing bottles, and with any given number of plot-level replications, affecting both the labor intensity and the cost of equipment and consumables. Table 5 presents the costs of the equipment and consumables required for different flux measurement methods and sampling methods as of April 2017. The equipment for the DTM flux chamber method using Dräger tubes to measure ammonia concentration was the most expensive if applied to a single plot, but pumps and chambers can be used on several plots, minimizing the cost of applying the DTM technique for larger experimental studies (table 5).
In the feasibility study of AbLS on small plots using inexpensive cup anemometers, emission flux estimates could be measured if weather conditions were not extreme and if short sampling intervals were avoided. The ALPHA passive diffusion samplers used do not require electricity for meas- urement or pumping, and the purchase cost of a sampler is less than the cost of gas washing bottles (table 5) . If a single anemometer is used for several plots, then this method of sampling effectively becomes less expensive than using Leuning samplers. Furthermore, the size of the ALPHA samplers (about 3.3 cm in diameter, and 2.9 cm in height) makes them convenient to handle, transport, and store. The question then becomes whether the expenses related to labor exceed the savings of using less expensive equipment. In this study, four different sampling methods (Leuning passive flux samplers, ALPHA passive diffusion samplers, Dräger tubes to measure ammonia concentration, and acid traps using gas washing bottles) were time-tracked and expressed as average labor time in minutes (table 6) . The DTM method had the lowest labor demand (6.00 min 1.18 min) because Dräger tubes do not require sampler preparation nor sampler analysis in the laboratory (feedback on concentration measurement is nearly instantaneous) and because the method is generally easy to manage (table 6) . Preparing Leuning samplers for flux sampling is labor-intensive, requiring about twice as much time for preparation and analysis of the samplers as ALPHA samplers and gas washing bottles. The labor time associated with analyzing the leachate from Leuning samplers, ALPHA samplers, and gas washing bottles is similar, and despite the use of ALPHA samplers involving the most tasks as compared to the other sampling methods (table 2) , the management of the ALPHA sampler is still simpler, in terms of handling and transport, than the management of Leuning samplers and gas washing bottles. However, the actual cost of sampler analysis depends on the laboratory (i.e., labor cost) and the instruments and methods used to analyze NH 4 + -N in the leachate and acid.
Calculating the approximate cost of running an experimental trial of a given setup can be achieved by combining tables 5 and 6. The cost of carrying out a study using the ZINST or bLS methodology, including the necessary equipment to operate on four plots (including background measurements where appropriate) with eight measurement intervals over one week is $2785 using ALPHA samplers, compared to $12,301 using Leuning samplers and $13,628 using gas washing bottles (table 7) . This gives a total cost reduction of fixed and variable costs of about 80% when using ALPHA samplers. The labor cost used in table 7 is U.S. $30 h -1 before taxes, corresponding approximately to the standard salary of technicians in Denmark.
A flux measurement methodology and sampling method may initially have high investment costs when implemented for the first time. However, the combined method may become less expensive on a per-trial basis if the same equipment can be reused for several studies over a number of years. Even so, using the ALPHA sampler setup with ZINST or bLS in five studies over five years is still the cheapest option, with total cost about 60% lower than the two alternatives (Leuning samplers and gas washing bottles with bLS or ZINST). The cost of using the DTM flux chamber method once is a little higher than using ALPHA samplers with bLS. However, on a per-study basis, it is the least expensive method if the cost of buying the equipment is distributed over five experimental studies. Using wind tunnels is approximately as costly as measuring emissions with the Leuning samplers or gas washing bottles using the ZINST or bLS methodology.
CONCLUSIONS
This feasibility study showed that combining ALPHA passive diffusion samples with a backward Lagrangian stochastic dispersion model (AbLS) on small plots (circular plots of radius as small as 5 m) was an inexpensive alternative to conventional small-plot emission flux measurement techniques. The examples of conventional small-plot flux [a] No measure of variation is given for tasks for which there were N < 3 observations. When N > 2, the standard error is shown in parentheses.
The mean ratio of standard deviation to observed value for all tasks of sample size N > 2 is 43.7%. [a] Assuming a labor cost of U.S. $30 h -1 before taxes. [b] It is assumed that the equipment can be used for at least five years and that one study is carried out per year. measurement techniques were wind tunnels using ALPHA passive diffusion samplers to measure ammonia concentration, and an active flux chamber method using Dräger tubes to measure ammonia concentration in the chamber headspace (DTM). The study suggested that AbLS can be used on small plot areas to measure emission fluxes comparable to those obtained using classical mass-balance techniques (IHF and ZINST), provided that extreme weather conditions (strong winds and heavy rainfall) are avoided and that the exposure duration of the ALPHA samplers is at least 5 to 6 h. Future tests should assess whether the inclusion of plotlevel replicates gives rise to better precision of the AbLS technique compared to standard micrometeorological methods and whether AbLS can be successfully applied to rectangular plots, which are more practical for common fertilizer application technologies. The associated cost and labor intensity study showed that using ALPHA samplers, instead of gas washing bottles or Leuning samplers, with ZINST or bLS would reduce the total cost of an experimental field trial by about 80%. The total cost of applying the DTM flux chamber technique was approximately the same as for ALPHA samplers with ZINST or bLS if the investment costs were distributed over five experimental studies in five years.
